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conclusions emerge. First, the experiments for Rh(bpy)~ + in the 31rrr* excited state show that the magnetic resonance spectrum can be studied to an accuracy of approximately 10 2 kHz, i.e., an improvement of the spectral resolution by at least three orders of magnitude with respect to its normal ODMR in zero field. Second, upon comparison of the T M values with the lifetimes of the triplet sublevels (which were determined from microwave recovery experiments to be in the millisecond range 6 ), it is concluded that homogeneous broadening of the metal-chelate zero-field ODMR transitions is not determined by population relaxation, but involves a pure dephasing process. Third, the 21E I and ID I -IE I transitions have comparable dephasing rates, whereas the phase relaxation for the ID I + IE I transition is faster by a factor of 4. This result is compatible with a dephasing model, proposed by Zewail,1O which assumes pure spin dephasing to arise from elastic phonon scattering at the triplet state spin sublevels; the scattering cross section is determined by the admixture of singlet character into the triplet substate by selective spin-orbit couplings. According to this model, one anticipates 6 that T M 1 is proportional to the square of the difference in the radiative decay rate constants of the sublevels involved in the spin transition. In Table I we present the values of the radiative decay constants as determined from optically detected adiabatic rapid passage experiments 6 ; these result are in agreement with those given in Ref. 1. It is seen that, as in a number of other cases, 11,12 the phase relaxation of the Rh(bpy)~ + complex ion in the 311'11'* state is in agreement with the spin-orbit induced dephasing model. In addition, one might consider the influence of nuclear spin flippings, through second-order hyperfine couplings,13 on the triplet spin dephasing of the transition metal complexes. Such effects could be small, however, due to an effective quenching in zero field of the triplet spin magnetic moment of the transition-metal complexes in the TI state. 13 ,14 Coherence experiments which investigate the influence of an external magnetic field on the triplet spin dephasing in the transition metal complex crystals and the pure pyridine and phenanthroline molecular crystals are currently in progress. IS. Yamauchi, Y. Kornada, and N. Hirota, Chern. Phys. Lett. 129, 197 ( 1986) ; Y. Kornada, S. Yamauchi, and N. Hirota, J. Phys. Chern. 90, 6425 ( 1986 Zewail, ibid. 128,455 (1986) . 12M. Gehrtz, Chr. Briiuchle, and J. Voitliinder, J. Chern. Phys. 80, 964 (1984) . -13C. A. van't Hof and J. Schmidt, Mol. Phys. 38, 309 (1979) . 14M. Glasbeek and R. Vreeker, Chern. Phys. 89, III (1984) . Transition state(s) (TS) of chemical reactions are fundamental in defining the region(s) of internuclear separation (R *) on the potential energy surface (PES) at which the reagent molecule is "passing on" to products. 1 In contrast to the many successes in applying spectroscopies to the characterization of stable reagents and stable products, TS spectroscopy has been very limited, because of the TS ultrashort lifetime (few vibrational periods) and the very low density ofTS molecules that can be probed at R *. Recently, elegant ideas of time-integrated emission, 2 absorption, 3 and scattering 4 spectroscopy have been developed to infer the dynamics of the TS. Here, we offer a real-time technique that, because of its time resolution (-40 fs), promises to provide direct information concerning the TS and the spectroscopy of reaction intermediates in the process of falling apart (dissociation) or forming a chemical bond (associ-ation).
Real-time femtosecond probing of "transition states" in chemical reactions
In this Communication, we describe the technique of femtosecond transition-state spectroscopy (FTS), and its first application to the reaction (I-CN)* ..... (I'" ·CN) where the TS in this case refers to the range of R (from 2.7 A to many A) for the unbound molecule on the excited surface.
FTS relies on the following idea: If a femtosecond pulse is used to excite bound ICN molecules to an upper repulsive ( C-I) surface VI (R ), then a packet is formed at time zero on the PES. A second femtosecond pulse probes the birth of the CN fragment as a function of time and wavelength at different R 's (Fig. 1) . A key point here is that the PES corresponding to fragment separation in the ground or excited electronic state be different with R; changes in V(R) have been shown to account for the red wing spectra in experiments involving dissociation and collision, and are expected to be general. 5 With this "two-dimensional" arrangement (t,A) ofthe pumJrProbe femtosecond photofragment method 6 it is therefore possible to probe the dynamics ofTS on the PES. To obtain details of the PES, the reader is referred to the important theoretical work of Heller, 7 Kinsey, 8 Shapiro, 9 and the review by Polanyi. 5
The femtosecond pulses were generated from a homebuilt CPM laser, 10 which can provide pulses of ~40 fs duration following the design of Shank and colleagues. The pulse was then amplified in a four-stage dye-amplifier, built in our laboratory. After amplification, a prism pair was used to compensate for dispersion. The pump pulse ( 100-150 fs and ~0.15#J)was the doubled output of the red beam (612.8-616.8 nm, 2 nm width) and the probe pulse (~50 oJ) was generated by mixing the red light with the 1.06# radiation. Care was taken to measure the coherence time and duration of the amplified pulse prior to experimental measurements.
The linearly polarized pump and probe femtosecond pulses were then delayed in a Michelson interferometer and collinearly recombined to overlap in an ICN (0.2-0.05 Torr) slow flow gas system. The LIF of the CN (B 21:+ --X 21:+) II transition was detected at right angles. We also detected fluorescence probing to the red (388.9-390.5 nm) of the free CN transition bandhead at 388.5 nm. Figure I displays the transients obtained at different wavelengths. At the blue edge (A = 388.9 nm), we observed a rise of the CN fluorescence. 6 To the red of this wavelength (A = 389.5 nm), we observe a rise and decay, in contrast to the previous case. The dramatic change in the shape of the transients for different probing wavelengths prompted the following check-type experiments: (i) power dependence of pump and probe, (ii) polarization dependence, (iii) absolute intensity of the transient signal, (iv) coherence interaction between pump and probe (different A) pulses,12 (v) gating of the CN fluorescence (emission vs scattering), and ( vi) dependence of transients on pulse frequency and time characteristics. These experiments will be detailed elsewhere, 13 but the important points here are that the appearance of the buildup/decay is wavelength dependent and the signal is (essentially) linear in pump or probe power. The PES of the reaction has been discussed by a number of authors. 14 For the bimolecular approach of CN and I, the repulsion at shorter R is expected to be less if the CN is electronically excited. Accordingly, the difference between VI (R) and V 2 (R ) will decrease as R decreases. (In other cases it may increase.) Thus, for red wavelength probing we interrogate molecules at short R 's and for blue wavelength probing we interrogate (essentially) free CN molecules at large R 'so The transition gives the R * region at which the fragments become free from each other. In a simple kinetic scheme, the TS is created with 71 and decays with 72 and from our transients this takes place on ..; 200 fs. The terminal velocity in the center of mass is ~ 2 X 10 5 cm/s. This means that {R *}is no more than ~ 4 A; the Ito CN center-of-mass distance is 2.75 A at equilibrium. The TS, therefore, lives for about four times the vibrational period of the I-CN bond. On this time scale the parent ICN rotates (classically, (J) = 32) only r-almost stationary.
The available energy Eav for the reaction in our experiment at A = 306 (308) nm is = 7122 (6910) cm-I . The kinematics of this reaction for the two channels (I and 1*) have been studied by many groups, and are referenced in recent papers. 15 -18 At the wavelengths of interest here we energetically favor the I channel because of the Eav • I J(e) The possibility of "trapping" at the vdW well and conical intersections l4 (O,15 do exist, and we hope that by careful A and t dependence studies we will be able to obtain these differences. There are also the problems of distribution in R 's and the coherence effects which we ignored. The TS mentioned here represent series of configurations in V(R) vs R space, and extension of the technique to the detection of TS as de-fined in rate theory will also be a challenge.
In summary, these FTS experiments promise to provide real-time dynamics of TS and intermediates in unimolecular 19 and special bimolecular 20 reactions. Weare grateful to the Air Force Office of Scientific Research (Contract No. AFOSR-87-(071) for helping establish the fs facility, and Caltech for providing a clean room for housing the facility. Partial support was also provided by a grant from the E.!. Dupont Co. This research has benefited greatly from the dedication of Mr. Rex Marrison, valuable discussions with Professor J. C. Polanyi, Professor R. B. Bernstein, Professor R. S. Berry, Professor R. Dixon, and Professor J. P. Simons, and the early work ofN. Scherer, J. Knee, and D. Smith in this group (Ref. 6) .
